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ischemia in patients with carotid artery disease remains
unclear.5,6
The ability to identify and quantify changes in cerebral
perfusion caused by a stenosis of the carotid artery may
improve our pathophysiologic knowledge of interactions
between stenosis and ischemic stroke and eventually have
therapeutic implications. In patients with asymptomatic
stenosis, the risk of stroke is lower and the benefit of
surgery remains equivocal. In these patients, 85 operations
had to be carried out over 5 years to prevent one stroke.7
Better methods are therefore required to identify patients
who may particularly benefit from carotid endarterectomy.
Imaging modalities for cerebral perfusion measure-
ments, such as positron-emission tomography (PET), can-
not be applied routinely because they are expensive and
not commonly available or have relatively low spatial and
temporal resolution, such as single-photon emission com-
puted tomography (SPECT).8
Dynamic magnetic resonance techniques, such as per-
fusion-weighted magnetic resonance imaging (MRI), are
an alternative method to assess cerebral hemodynamics.
Perfusion-weighted MRI combines, without the need for
ionizing radiation, the good spatial resolution of MRI with
an ability to assess microcirculation that is comparable with
that of PET or SPECT. Although this method cannot pro-
vide absolute values of cerebral perfusion indices, it can
offer a semiquantitative assessment of cerebral blood vol-
In symptomatic severe carotid artery stenosis, carotid
endarterectomy has proven to be beneficial in secondary
prevention of stroke. The more severe the stenosis, the
more prominent the risk reduction seems to be.1,2 The
favorable effect of surgery is assumed to be based on the
removal of the atheromatous plaque, which can be a
source of emboli. Another explanation might be the
improvement of cerebral blood flow (CBF) in patients
with hemodynamically significant carotid artery stenosis
who are at risk for cerebral ischemia of a hemodynamic
cause.3,4 Although it has been suggested that abnormal
intracerebral hemodynamics are associated with a signifi-
cantly higher incidence of ischemic events, the importance
of hemodynamic factors in the pathogenesis of cerebral
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Objective: The purpose of this study was to investigate the potential of perfusion-weighted magnetic resonance imag-
ing for preoperative and postoperative evaluation of cerebral hemodynamics in patients undergoing carotid endarterec-
tomy for carotid artery stenosis.
Methods: We examined 26 patients with angiographically proven stenoses (60%-99%) of the internal carotid artery pre-
operatively. Perfusion imaging studies were performed by bolus-tracking of a dosage of 0.2 mmol/kg body weight of
gadolinium diethylenetriaminepentaacetic acid on a 1.5-T scanner using a T2*-weighted fast low-angle shot sequence.
The observed signal intensities were converted pixel by pixel into concentration-time curves. In each patient, the hemi-
spheres were compared and the difference between the normalized first moments (NFMs) and the percentage changes
of the regional cerebral blood volume (CBV) were calculated. Three months postoperatively, perfusion-weighted mag-
netic resonance imaging was performed in 13 patients.
Results: In patients with <80% stenosis (n = 10), there was no significant alteration of NFM and regional CBV com-
pared with the contralateral hemisphere (–0.16 ± 0.7 s, +5.9 ± 24.6%). In patients with stenoses ≥80% (n = 16), we
found an increase in NFM ipsilateral to the stenosis of 1.2 ± 0.92 s (P < .001) and an increase of CBV of 16.8 ± 15.2%
(P < .005). Three months postoperatively, perfusion parameters were normal in all 13 patients examined.
Conclusions: Perfusion-weighted magnetic resonance imaging is well suited to evaluate the preoperative and postoper-
ative hemodynamic changes in patients with carotid artery stenosis. This noninvasive, semiquantitative magnetic reso-
nance technique could prove to be a valuable adjunct in identification of patients who might benefit from carotid
endarterectomy. (J Vasc Surg 2001;34:587-93.)
ume (CBV) and vascular mean transit time. The basic prin-
ciples were described in the pioneering works of other
groups.9 The method of perfusion MRI has been exten-
sively examined, but few data on perfusion MRI in patients
with carotid artery disease are available.10-15
The aim of this study was to investigate the following:
(1) correlation of perfusion-weighted MRI with the sever-
ity of the stenosis, and (2) the potential of preoperative
and postoperative perfusion-weighted MRI in the evalua-
tion of cerebral hemodynamics in patients undergoing
carotid endarterectomy for carotid artery stenosis.
METHODS
Patients and study protocol. Perfusion-weighted
MRI was performed preoperatively in 26 patients with
symptomatic, angiographically proven unilateral stenoses
(60%-99%) of the internal carotid artery (ICA). The
degree of ICA stenosis was determined by digital subtrac-
tion angiography using the North American Symptomatic
Carotid Endarterectomy Trial method.1 In all patients,
selective 4-vessel angiography was performed to docu-
ment vascular anatomy.
Before performance of the MRI, informed consent
was obtained from all patients. The study was approved by
the local ethics committee. Patients who had a history of
stroke or evidence of recent or old hemodynamic or terri-
torial infarcts were excluded, as were those who had symp-
toms from the contralateral hemisphere or the brain stem.
No patient had conditions that suggested a hemodynamic
mechanism such as hypotension, positional changes, or
exertion. Electrocardiography and transthoracic echocar-
diography ruled out any cardioembolic cause of cerebral
ischemia.
Of the 26 patients, 21 underwent surgery for their
carotid artery stenosis. Three months postoperatively, per-
fusion-weighted MRI was again performed in 13 patients.
MRI studies. All studies were carried out on a 1.5-T
magnetic resonance scanner (Picker, Cleveland, Ohio)
with standard gradient hardware (15 mT/m, 20
mT/m/ms) using a standard head coil. Before injection of
gadolinium diethylenetriaminepentaacetic acid (Gd-
DTPA), all patients underwent conventional MRI to
exclude ipsilateral borderzone or territorial infarcts misdi-
agnosed on computed tomography scan. Transverse relax-
ation time (T2)–weighted (repetition time [TR] = 2000
ms, echo time [TE] = 90 ms) and proton
density–weighted (TR = 2000 ms, TE = 20 ms) axial
images were obtained with 6-mm slice thickness, 250-mm
field of view, and 256 × 256 acquisition matrix.
Conventional magnetic resonance studies were reviewed
for evidence of signal abnormality on T2-weighted images.
Perfusion-weighted MRI. On the conventional axial
images, a representative slice at the level above the ventri-
cles was defined for perfusion imaging. At this anatomic
level, 40 perfusion images were acquired before, during,
and after bolus injection of the contrast agent. Perfusion
imaging studies were performed using a T2*-weighted
radiofrequency-spoiled fast low-angle shot sequence (TR =
30 ms; TE = 20 ms; flip angle, 15°; number of excitations
= 1; field of view = 300 mm × 300 mm; slice thickness, 10
mm; 34 phase encoding steps) with an asymmetric readout
gradient to increase T2*-weighting. Spatial resolution was
6.5 mm in phase encoding direction and 0.9 mm in read-
out direction; temporal resolution was 1.3 s.
Each patient received a bolus of 0.2 mmol/kg body
weight of Gd-DTPA into an antecubital vein via an 18-
gauge needle. Because calculation of hemodynamic para-
meters from concentration-time curves is strongly
dependent on the successful administration of a fast and
compact bolus of contrast medium,9 a power injector
(Ullrich, Ulm, Germany) with a constant flow rate of 5
mL/s was used for optimal administration of the contrast
medium.
The postoperative magnetic resonance examinations
were performed according to the preoperative protocol
using the same anatomic plane.
Perfusion imaging data postprocessing. Postpro-
cessing of perfusion data is described in detail elsewhere.16,17
Image data were transferred to a SUN-Sparcstation 10
(SUN Microsystems, Palo Alto, Calif ). For perfusion data
postprocessing, we used a self-written routine programmed
in Matlab (TheMathWorks, Inc, Natick, Mass).
Magnetic resonance perfusion studies were analyzed
by investigators who were blinded to the side of carotid
artery stenosis. Hemodynamic parameter evaluation was
first performed over the whole hemisphere and then
according to elliptical regions of interest (ROIs) chosen in
comparable contralateral middle cerebral artery territories.
The ROIs were drawn symmetrically on both hemispheres
in the grey matter (premotor frontal cortex) and white
matter (centrum semiovale) on the perfusion images.
Because there was no evidence of embolic or hemody-
namic infarction in any patient, the level above the cella
media of the lateral ventricle was determined for single-
slice perfusion measurement.
The mean signal intensity was calculated in these
regions for all images. From the relative signal intensity
Sr(t) = St/S0 where St is the signal intensity measured at
each time point, and S0 is the mean signal intensity
before arrival of the contrast agent, concentration-time
curves were calculated. Effects of recirculation were
eliminated from the measured data by fitting a γ-variate
function to the calculated concentration-time curve.
Relative regional CBV (rrCBV) was calculated as the
area under the γ-variate function. NFM was calculated as
the normalized first moment of the γ-variate function.
Perfusion parameters of the side ipsilateral to the steno-
sis were compared with the side contralateral to the
stenosis as follows: CBV was calculated as CBV ipsilat-
eral to the stenosis divided by CBV contralateral to the
stenosis; NFM was calculated as NFM ipsilateral to the
stenosis minus NFM contralateral to the stenosis. The
calculation chosen is based upon indicator dilution the-
ory. With the bolus tracking method, we do not measure
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the cerebrovascular parameters of the capillary network
itself but a mixture of the cerebrovascular parameters of
the capillary network and the arterial input function
(AIF). Indicator dilution theory gives the mathematical
relationship between these parameters as follows:
rrCBVcapill = rrCBVmeasured/rrCBVAIF
NFMcapill = NFMmeasured – NFMAIF
Therefore, we have chosen subtraction in the case of NFM
to eliminate the effect of NFMAIF.
Because we know from the literature that a hemody-
namically significant ICA stenosis may be of a higher grade
than 75% diameter or 94% area,18 data analysis was per-
formed according to the degree of stenosis in two sub-
groups of patients (diameter degree of stenosis <80% and
≥80%, respectively).
All values were expressed as mean ± standard devia-
tion. For statistical analysis of all results, commercial soft-
ware (StatView, Brain Power, Inc, Berkeley, Calif)
installed on a personal computer (Macintosh Quadra,
Apple Computer, Inc, Cupertino, Calif ) was used. The
significance of the differences regarding NFM and CBV
between the side ipsilateral to the stenosis and the con-
tralateral side was assessed with a Wilcoxon signed rank
test. Statistical significance was defined as P < .05.
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RESULTS
Preoperative studies. Eight women and 18 men with
a mean age of 64 years (range, 31-82 years) were studied
preoperatively.
The degree of ICA stenosis determined angiographically
was in the range of 65% to 99%, with <80% in 10 patients
and ≥80% in 16 patients (mean, 80.3%, North American
Symptomatic Carotid Endarterectomy Trial). Four-vessel
angiography in our patients did not reveal any relevant
stenosis of the contralateral ICA and vertebral arteries.
There were no intracranial stenoses.
T2-weighted images showed either no (n = 16) or
minimal (n = 10) abnormality, revealing small lacunar
infarctions.
There was no significant alteration of NFM (–0.16 ±
0.7 s) or regional CBV (+5.9 ± 24.6%) compared with the
contralateral normal hemisphere in patients with <80%
stenosis (Figs 1A and 2A).
CBVs for the grey matter and white matter were
0.02% ± 17.8% and 7.84% ± 12.2%, respectively. NFMs for
the grey matter and white matter were –0.1 ± 0.5 s and
0.3 ± 0.7 s, respectively.
A significant increase in NFM ipsilateral to the side of
stenosis of 1.2 ± 0.9 s (P < .001) and a significant increase
of CBV of 16.8% ± 15.2% (P < .005) were seen in patients
Fig 1. CBV in the different ROIs according to the degree of ICA
stenosis. A, <80% stenosis (n = 10). B, ≥80% stenosis (n = 16).
Fig 2. NFM in the different ROIs according to the degree of ICA





with stenoses ≥80% (Figs 1B and 2B) (confidence level,
95%). Preoperative perfusion data for individual patients
are available in the appendix (online only).
For patients with severe stenosis of the right ICA, the
extent of the tissue influenced by the stenosis could best
be seen on the parameter maps of NFM (Fig 3).
Postoperative studies. Of the 26 patients examined
preoperatively, 21 underwent surgery for their carotid
artery stenosis. Three months postoperatively, perfusion-
weighted MRI was performed in 13 patients.
Review of the postoperative T2-weighted images
revealed no signal abnormalities in 13 patients.
Three months postoperatively, all perfusion parame-
ters normalized in all 13 patients (Fig 4). There was no
significant alteration of NFM (–0.03 ± 0.05 s) or regional
CBV (–0.77 ± 2.6%) compared with the contralateral nor-
mal hemisphere.
DISCUSSION
Currently, patients with carotid artery stenosis are
examined with duplex sonography or magnetic resonance
angiography, and frequently proceed to conventional
angiography before surgery. Imaging modalities for cere-
bral perfusion measurements, such as PET or SPECT, can-
not be applied routinely because they are expensive and
not commonly available or have relatively low spatial and
temporal resolution. In addition, both techniques require
the use of ionizing radiation.
Transcranial Doppler sonography (TCD) has proved to
be a suitable noninvasive technique for measuring CBF
velocity in the large cerebral arteries.19 However, TCD has
some limitations. The insonation of the middle cerebral
artery is inadequate or even impossible in 5% to 20% of all
patients because of insufficient ultrasound transmission
through the skull.20 Cardiac arrhythmia can cause unreli-
able flow velocity measurements.21 Furthermore, the accu-
racy and reliability of TCD have been questioned, because
the measurement of changes in blood flow may be biased,
with error introduced by small changes in diameter of the
insonated vessels.22
Perfusion-weighted MRI may be an attractive tool for
assessing cerebral hemodynamics in patients with carotid
artery stenosis, because the method combines the good
spatial resolution of MRI with an ability to assess micro-
circulation that is comparable with that of PET.23 The
technique of perfusion-weighted MRI does not need ion-
izing radiation and adds fewer than 5 minutes to clinical
magnetic resonance examination.
The aim of our study was to investigate the potential
of preoperative and postoperative perfusion-weighted
MRI in the evaluation of cerebral hemodynamics in
patients undergoing carotid endarterectomy for carotid
artery stenosis.
For data analysis, patients were divided into two
groups according to their degree of stenosis, because
Archie and Feldtman18 indicated that a “critical” or hemo-
dynamically significant carotid artery stenosis may be
larger than 75% diameter reduction or 94% area reduction.
In patients with a stenosis of more than 80%, we found
a significantly increased NFM of 1.2 ± 0.92 s and an
increased CBV of 16.8% ± 15.2% compared with the con-
tralateral normal hemisphere. However, in patients with
moderate stenosis (<80%), no significant differences were
revealed by perfusion-weighted MRI. According to cerebral
circulation rules, CBV and the CBV/CBF ratio increase
when CBF drops.5 The increased blood volume indicates
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Fig 3. Sixty-eight-year-old woman with >90% stenosis of the right ICA. The CBV map (left) reveals
slightly increased regional blood volume. However, for this patient, the whole extent of the tissue influ-
enced by the stenosis can be seen on the parameter map of NFM, which reveals an extensive increase com-
pared with the contralateral normal hemisphere (right, yellow and red region).
compensatory vasodilatation. Such an increase in CBV on
the stenotic side is a physiologic mechanism compensating
for the decreased cerebral blood pressure to maintain nor-
mal flow.8 Thereby, CBV provides an index of local vasodi-
latation correlating with reduced tissue perfusion pressure.
Our data indicate that cerebral perfusion-weighted
MRI may be a sensitive marker in the assessment of cerebral
perfusion in patients with carotid artery disease. Our results
confirm the data reported by Reith et al,12 who investigated
the potential of dynamic susceptibility contrast-enhanced
MRI in assessing regional hemodynamics in patients with
cerebral vascular disease. Using a single-slice technique,
they found a statistically significant increase in mean 
transit time and increased CBV on the affected side in
patients with poor collaterals as compared with a control
group of healthy volunteers. Our results are also in con-
cordance with the results obtained by Nighoghossian et
al,11 who reported an average difference in mean transit
time of 1.15 seconds in 12 patients with unilateral carotid
stenosis.
Hemodynamic changes associated with carotid
endarterectomy seem to be dependent on the interval
between the operation and the perfusion measurement. In
studies using intracarotid injection of xenon-133 during
surgery, CBF has been shown to increase after the removal
of a tight stenosis.24 Vanninen et al25 evaluated the hemo-
dynamic effects of carotid endarterectomy by using mag-
netic resonance phase contrast flow quantification. They
showed a significant improvement of the mean flow in the
ipsilateral ICA 3 days after carotid endarterectomy. Bishop
et al measured CBF in 14 patients before and after carotid
endarterectomy by using the xenon-133 technique. They
reported a significantly increased flow in both hemispheres
3 hours postoperatively, and CBF was still elevated 2 days
after surgery. CBF returned to preoperative levels by 6
months after carotid endarterectomy.3 This compares well
with our results, with perfusion parameters normalized in
all 13 patients examined 3 months after endarterectomy
(Fig 4). Three months after endarterectomy was selected
as time point for postoperative MRI, because this is the
interval patients present regularly for clinical and ultra-
sound follow-up. An earlier time point some hours or days
after carotid endarterectomy probably would have
revealed more dramatic changes from preoperative to
postoperative status.
Observation of abnormalities of NFM and CBV in ter-
ritories with normal characteristics in T2-weighted images
indicates that this technique may help to define “at-risk
territories” in cerebrovascular patients (Fig 3). Through
this, MRI may help to find the appropriate therapy for
patients in whom indication for operative or conservative
therapy is still controversial. Through use of perfusion-
weighted MRI, patients with poor collateral supply who
might have an increased risk during cardiac surgery or
carotid endarterectomy may be identified. Conversely,
patients with maximal vasodilatation (increased CBV) are
likely to have more hemodynamic stress of hypoperfusion
and have a greater risk of major stroke than patients with
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minimal vasodilatation. Future clinical validation studies
need to be performed before the technique can generally
be adopted for this purpose.
The postendarterectomy cerebral hyperperfusion syn-
drome is a rare but possible complication after carotid
endarterectomy.26 The syndrome is known to be related to
high-grade stenosis with continuous cerebral vasodilatation,
because of the autoregulatory mechanism. It is thought to
be caused by a fault in autoregulation of CBF after correc-
tion of vascular stenosis in previously ischemic territory.
Impaired autoregulation combined with hyperperfusion
might contribute to high-pressure autoregulatory failure in
which high-perfusion pressure overwhelms arteriolar vaso-
constriction ability.27,28 In a case report on postendarterec-
tomy cerebral hyperperfusion syndrome, Yoshimoto et al29
analyzed hemodynamic factors potentially related to the
occurrence of the hyperperfusion syndrome. Perfusion-
weighted MRI may thereby help to identify further risk fac-
tors for hyperperfusion syndrome and may potentially
predict the clinical risk for hyperperfusion syndrome, lead-
ing to increased intensive care monitoring with meticulous
control of blood pressure in high-risk patients. However,
the predictive power of MRI to discriminate between sim-
Fig 4. CBV (A) and NFM (B) measured by perfusion-weighted




ple hyperemia and harmful hemodynamic situations predis-
posing to hyperperfusion syndrome needs to be further
evaluated.
However, with the hardware available when this study
was performed, perfusion imaging was possible only using a
single-slice technique. Therefore, our data do not show the
entire extent of the tissue influenced by the stenosis and
eventually may not evaluate the area of poorest perfusion.
In addition, this technique provides only relative val-
ues. The rrCBV can be calculated from the measured con-
centration-time curve. The absolute regional CBV as
defined by the indicator dilution theory could not be cal-
culated because the arterial input function could not be
determined using a single-slice technique.30 Our data sug-
gest that absolute measurement is an ideal but may not be
necessary in the practical sense. In patients undergoing
carotid endarterectomy for high-grade stenosis of the
ICA, the postoperative arterial input function should be
significantly altered compared with the preoperative val-
ues. Therefore, our postoperative perfusion parameters
cannot be directly compared with the preoperative values.
Although relative perfusion values do not provide a basis
for comparative longitudinal investigations in different
subjects, they might be sufficient for clinical use and for
showing whether there is normalization of hemodynamic
parameters after carotid endarterectomy.
A method for quantitative measurement of CBF and
CBV allows the assessment of the arterial input function
and tissue concentration-time curves with the use of a
simultaneous dual fast low-angle shot magnetic resonance
sequence.31 With echo planar imaging (EPI), all of the
echoes can be acquired during a single acquisition period
of 25 to 100 ms.32 This extremely fast capability of EPI
eliminates motion artifacts and can be used to perform per-
fusion imaging and functional imaging of the entire brain,
thus allowing calculation of absolute CBF and CBV values.
The use of EPI techniques also increases temporal resolu-
tion.33 However, these methods have not received much
acceptance in the professional community because post-
processing for quantitative perfusion MRI is extremely
time-consuming, and fully automated routines are not reli-
able. In a large patient study, van Everdingen et al34
described the effect of increasing reduction of ICA vessel
diameter on cerebral hemodynamics over the full range of
ICA lesions using quantitative magnetic resonance angiog-
raphy phase contrast volume flow measurements.
During the last few years, MRI has developed into a
multipurpose imaging technique. Especially in patients
with carotid artery disease, the possibility for obtaining
multifunctional information from one imaging modality is
promising. Besides the morphologic and vascular informa-
tion obtained by conventional MRI and magnetic reso-
nance angiography, perfusion-weighted MRI provides
functional information on the cerebral perfusion, and by
using magnetic resonance spectroscopy, metabolic infor-
mation can be obtained.25,35-37
Because of the wide availability of magnetic resonance
scanners, the safety of the paramagnetic contrast agents,
and this multifunctional information, it is likely that non-
invasive perfusion-weighted MRI in combination with
ultrasound scanning will replace other methods (PET,
SPECT, and computed tomography) for the preoperative
evaluation of morphology and perfusion status in patients
with carotid artery disease, supplemented by conventional
angiography in selected cases with disparate results.38 In
addition, the inherent efficiency of measuring several
important morphologic and functional variables using a
single imaging modality has the potential to make medical
care less expensive.
Conclusions. Perfusion-weighted MRI is a sensitive
method to evaluate the preoperative and postoperative
cerebral hemodynamic changes in patients with carotid
artery disease. This noninvasive, semiquantitative mag-
netic resonance technique could become a valuable
adjunct in identification of patients who might benefit
from carotid endarterectomy and thus may become an
alternative to SPECT and PET. Future clinical validation
studies need to be performed before the technique can be
generally adopted for this purpose.
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